Cell polarization is crucial for the functioning of all organisms. The cytoskeleton is central to the process but its role in symmetry breaking is poorly understood. We study cell polarization when fission yeast cells exit starvation. We show that the basis of polarity generation is de novo sterol biosynthesis, cell surface delivery of sterols, and their recruitment to the cell poles. This involves four phases occurring independent of the polarity factor cdc42p. Initially, multiple, randomly distributed sterol-rich membrane (SRM) domains form at the plasma membrane, independent of the cytoskeleton and cell growth. These domains provide platforms on which the growth and polarity machinery assembles. SRM domains are then polarized by the microtubule-dependent polarity factor tea1p, which prepares for monopolar growth initiation and later switching to bipolar growth. SRM polarization requires F-actin but not the F-actin organizing polarity factors for3p and bud6p. We conclude that SRMs are key to cell polarization.
INTRODUCTION
Cell polarity is fundamental to the functioning of cells and involves the asymmetric distribution of cellular components and specialized plasma membrane domains. Cdc42, a member of the Rho GTPase protein family, is thought to be the key regulator of cell polarization (Etienne-Manneville, 2004; Etienne-Manneville and Hall, 2002; Wedlich-Soldner and Li, 2008) . A plethora of intrinsic and extrinsic polarity cues control the location of Cdc42 activation in cells. In their absence, Cdc42 can spontaneously break symmetry, which substantiates its key role in cell polarization (Wedlich-Soldner and Li, 2008; Bendezú et al., 2015) . Localized Cdc42 activity directly or indirectly controls various sub-cellular processes, including cytoskeleton remodeling, membrane and protein trafficking, and cell type-specific functions, such as localized growth activation (Martin and Arkowitz, 2014) . In some cells, the polarized state is maintained via molecular barriers that separate specialized membrane domains from the rest of the plasma membrane. In this way, budding yeast cells insulate the nongrowing mother from its growing daughter cell, which no longer requires polarity cues, thus enabling fast, isotropic growth (Faty et al., 2002) . Similarly, in epithelial cells molecular barriers separate the specialized, apical plasma membrane domain from the rest, and they ensure that in cytokinesis the daughter cells inherit this polarized state (Ragkousi and Gibson, 2014) . In contrast, migrating cells or growing tips of neuronal axons, need to flexibly adapt their polarization state. In these cells, external signals impose persistent directionality (Petrie et al., 2009 ). In addition, these cells often use their microtubule (MT) cytoskeleton to position an internal polarity cue controlling the directionality of cell polarization (Siegrist and Doe, 2007) .
Fission yeast has become an important model organism for studying the role of MTs in cell polarity control (Chang and Peter, 2003; Martin, 2009; Martin and Arkowitz, 2014; Moseley and Nurse, 2009) . Its cylindrical cells use antiparallel MT bundles, aligned parallel to the long cell axis, to deposit the tea1p marker protein at both cell poles, which ensures accurate polar growth site positioning (Mata and Nurse, 1997; Huisman and Brunner, 2011) . Many of the cells carrying a tea1 deletion (tea1D) aberrantly position their growth sites, growing bent or branched. Common to all examples of MTs influencing cell polarity is the importance of MT interaction with the actin cytoskeleton (Akhshi et al., 2014; Rodriguez et al., 2003) . Therefore, the molecules connecting these cytoskeleton systems were studied extensively (Even-Ram et al., 2007; Fuchs and Karakesisoglou, 2001; Huber et al., 2015; Rodriguez et al., 2003) . In fission yeast, the SH3 domain-containing protein tea4p connects tea1p and the main F-actin-nucleating formin, for3p (Martin et al., 2005) . tea4 deletion copies the tea1D phenotype, placing tea4p in the MT polarity pathway. However, for3 deletion does not cause abnormal growth site positioning (Feierbach and Chang, 2001) . The role of the tea1p/tea4p/for3p interaction thus remains unclear. Since only 35% of tea1D cells in an exponentially growing culture grow at aberrant positions, redundant polarity cues must exist (Mata and Nurse, 1997) . Polarity inheritance through cell division may provide an alternative polarity pathway (Abenza et al., 2014) . Such functional redundancy has so far hampered a comprehensive analysis of the tea1p polarity pathway. A further complication is the second phenotype associated with tea1 deletion: after cell division, wild-type daughter cells start growing exclusively at the old cell pole. Only after some time, they activate the new pole too, an event called new end take off (NETO). Tea1D cells cannot switch from monopolar to bipolar growth (Mata and Nurse, 1997) . Whether this function of tea1p is related to its role in growth site positioning is not clear (Huisman and Brunner, 2011) .
To address these issues, we have established de novo cell polarization during starvation exit (SE) as an experimental system, in which polar growth positioning is fully tea1p-dependent. We identify sterol-rich membrane (SRM) domains as essential, core organizers of cell polarity that are modulated by tea1p. SRM domains in yeasts are thought to consist of clustered microdomains that are enriched in sterols and sphingolipids, similar to the specialized membrane domains often referred to as lipid rafts in higher eukaryotes (Klose et al., 2010; Simons and Gerl, 2010) . Similar to lipid rafts, these microdomains were proposed to form and localize as a consequence of growth activity (Bagnat and Simons, 2002; Wachtler et al., 2003; Wachtler and Balasubramanian, 2006) . We find that fission yeast cells in SE initially form multiple SRM domains at random positions in the plasma membrane, preceding growth and dependent on new sterol synthesis. In addition, SRM domain formation occurs independent of polarity cues or the cytoskeleton. These domains define prospective growth sites upon which polarity factors and the growth machinery accumulate. During the subsequent polarization step, the MT/tea1p system, which self-organizes independent of SRMs, is involved in the expansion and maintenance of polar SRM domains, while the actin cytoskeleton is required to remove the unwanted domains in the cell center. Consequently, the following growth activation can only occur at cell poles. In the absence of tea1p, any one of the pre-existing SRM domains can initiate growth and all other domains are eliminated. Depending on the position of the selected domain, cells grow branched, bent, or straight. The inability of tea1D cells to establish a second SRM domain during SRM polarization explains why these cells later cannot switch from monopolar to bipolar growth. Surprisingly, tea1p/SRM-dependent cell polarization occurs independent of cdc42p activity. Specialized membrane domains and their positioning by the cytoskeleton thus provide an alternative pathway to cdc42p-mediated cell polarization.
RESULTS

Cell Polarization Occurs in Four Phases
So far, studies on cell polarity in fission yeast were mainly done in cycling cells, in which daughter cells can inherit polarity cues from their mother. To study cell polarization in the absence of polarity inheritance, we used fission yeast cells that establish cell polarity de novo during starvation exit (SE). For this, we added fresh growth medium to cells that had entered starvation after 2 days of culturing (Experimental Procedures). Such 2-day starved cells had arrested growth and had lost polarity, as suggested by the redistribution of actin patches (marked by crn1p-GFP), the absence of the bud6p and for3p polarity marker proteins at the cell poles, as well as the loss of polar, sterolrich membrane (SRM) domains (Figures S1A and S1B) (Pelham and Chang, 2001; Martin and Chang, 2006; Wachtler et al., 2003) . We then followed the sequence of events that led to the localization of polarity markers and SRM domains in correlation with growth initiation. We followed SRM domain dynamics in individual cells using a new live marker, GFP-tagged tna1p (GFP-tna1p), which labels SRM domains in the plasma membrane. In addition, this transmembrane protein labels subcellular structures with erratic motility, most likely of vesicular origin ( Figure S1C ; Movie S1; Supplemental Information). GFPtna1p co-localization with SRMs was always confirmed by counterstaining cell samples with the standardly used, non-vital fluorescent dye filipin that directly binds to sterols in the plasma membrane (Figures S1C and S1D; Movie S2; Experimental Procedures).
Our analysis of SE revealed a linear cell and growth polarization process that we divided into four phases (P1-P4) based on the observed changes in SRM domain localization and growth ( Figure 1A ; Movie S3). To describe and quantify these changes, we developed automated image analysis software ( Figure 1B ; Supplemental Information). The first phase (P1) was defined by the appearance of multiple, randomly distributed SRM domains at the plasma membrane within 5-10 min of SE, in the absence of growth ( Figures 1C-1F and S1E; Movie S3). In P1, filipin stained slightly larger plasma membrane domains than GFP-tna1p and some very small domains lacking GFP-tna1p ( Figure 1F ). This suggests that GFP-tna1p is sorted to SRMs with a delay. Similarly, the standard polarity markers, bud6p tagged with the fluorescent protein Tomato (bud6p-Tom) and actin patches visualized with crn1p-GFP, became enriched at most SRM domains, while only a few fluorescent particles remained outside these regions ( Figure 1G ) (Martin and Chang, 2006; Martin et al., 2007; Pelham and Chang, 2001) . One percent of cells had an extended P1 that lasted for several hours without detectable growth See also Figures S1, S2 , and S3, Tables S1A, S1B, S1C, and S2A, and Movies S1, S2, and S3. ( Figure 1H ). In these cells, some GFP-tna1p patches disappeared over time, and new patches formed at other locations. Altogether, this suggests that SRMs are dynamic platforms on which components of the growth and polarity machinery assemble prior to growth initiation.
The second phase of SE (P2) started within 30 min after nutrient addition, when SRMs began reorganizing to become confined to the two cell poles ( Figures 1D, 1I , and S2A; Movie S3; Table S1A ). This polarization event involved the expansion of SRM domains at cell poles and rapid disappearance of the centrally located domains. Eventually, SRM ''caps'' covered both cell poles. During SRM polarization, slow growth (below 0.8 mm/hr) became detectable at many cell poles ( Figure 1J ; Supplemental Information). In exponentially growing cells, similar slow growth was observed prior to NETO, when cells switch to bipolar growth (Mitchison and Nurse, 1985) . In parallel to SRM polarization, the polarity markers bud6p-Tom and crn1p-GFP disappeared from central cell regions and became concentrated at both cell poles ( Figure 1K ).
The third phase of SE (P3) began with marked growth acceleration at one cell pole, which we termed the ''primary pole'' (Figure 1J) . P3 started 30 min after the onset of P2, when the SRM cap at the primary pole had expanded to an average width of 4.6 mm (Tables S1A and S1B). Thereafter, growth speeds and SRM domain width showed clear correlation ( Figure S1F ). Notably, 41% of the cells (n = 275) entered P3 before centrally located SRM patches had fully disappeared. We measured growth speeds of up to 3 mm/hr for individual cell ends (Figure S3A) . During P3, the second cell pole, which we termed ''secondary pole,'' continued showing slow growth.
Thirty-four percent of the cells observed until the first cell division entered a fourth phase, P4 (Table S1C ). P4 was defined by growth acceleration also at the secondary pole (Figures 1I and 1J) . This switch from monopolar fast growth to bipolar fast growth most likely corresponds to NETO in exponentially growing cells, although, due to the lack of previous division history, we could not distinguish old and new ends in cells exiting starvation.
Fifteen percent of the cells exiting starvation paused growth during P2, P3, or P4. Growth arrest coincided with SRM depolarization and re-organization into randomly positioned domains as observed in P1 ( Figure 1L ). Such cells resumed growth within about 130 min, following the aforementioned P2-to-P3 sequence of events. Interestingly, 91% of these cells changed their growth pattern after pausing (Table S2A) .
To confirm that the described sequence of polarization events occurs also in cells exiting deeper starvation, which is characterized by the lack of MTs and polar tea1p ( Figure S1G ), we analyzed SE of 5-day starved cells, which are considerably less viable than 2-day starved cells. The first detectable reaction to nutrient addition in surviving cells was MT reappearance and resumption of tea1p delivery to the cell poles ( Figure S1H ). At this stage, 5-day starved cells were comparable to 2-day starved cells, which still contained functional MTs at the onset of SE. Thereafter, 5-day starved cells showed the same sequence of events with respect to SRM domain formation and growth initiation as 2-day starved cells, except for a short delay in P1 initiation (data not shown).
Sterol Biosynthesis Is Essential for Cell Polarization
To investigate the requirement of SRMs in cell polarization, we prevented sterol production by treating starved cells with ketoconazole, which blocks the first step of ergosterol synthesis from lanosterol (Van den Bossche et al., 1980) (Experimental Procedures). In cells exiting starvation in the presence of ketoconazole, filipin stained some domains at the plasma membrane, but the signal was very faint compared to untreated cells (Figure 2A) . GFP-tna1p remained trapped in the subcellular structures and did not localize to the plasma membrane even after several hours of imaging ( Figure 2B ). This suggests that the bulk of sterols forming the multiple SRM domains in P1 is produced de novo, and starved cells can only release small quantities of sterols to the plasma membrane during SE. While polar tea1p deposition by the MTs was not affected, ketoconazoletreated cells did not show any signs of polarization or growth initiation. Even after several hours, neither filipin nor GFP-tna1p or the polarity markers bud6p-Tom and crn1p-GFP localized to the cell poles ( Figures 2B and 2C ). Monitoring ergosterol levels by thin-layer chromatography (TLC) revealed an ergosterol pool in starved cells, which strongly increased during SE (Figure 2D ; Experimental Procedures). This was prevented in ketoconazole-treated cells, where the initial ergosterol level dropped, indicating that the preexisting ergosterol pool may be lost during SE.
Overnight ketoconazole treatment caused cell death. Twohour drug treatment, however, did not affect cell viability, and ketoconazole washout from such cells, after a short delay, resulted in SRM domain formation, cell polarization, and growth initiation, in the same order and with similar timing as in untreated cells ( Figure 2E ; Table S2B ). We conclude that new sterol synthesis and SRM domain formation are prerequisites for cell polarization and growth initiation during SE.
Our attempts to genetically interfere with SRM domain formation were unsuccessful as deletion of erg1, encoding an enzyme See also Figure S2 and Table S2B. acting early in the sterol-synthesis pathway, or of lcb1, which is required for the synthesis of sphingolipids, another suspected core component of SRM domains, resulted in cell death (Sü tterlin et al., 1997; Bagnat et al., 2000; Veen et al., 2003) .
The MT/tea1p System Controls SRM Polarization MTs are known to contribute to cell polarization by depositing tea1p at the cell poles, which ensures accurate growth site positioning (Mata and Nurse, 1997) . To test the role of the MT/tea1p system in cell polarization, we followed SRM behavior and cell growth during SE in tea1-deleted (tea1D) cells (Movie S4). Tea1D cells entered P1 and formed randomly distributed SRM domains at the plasma membrane similar to wild-type cells (Figures 3A and S2B) . However, progression into P2 was severely delayed and virtually coincided with P3 initiation, as SRM domain expansion and fast growth initiation started almost simultaneously at a single position ( Figure 3B ; Table S2B ). Importantly, growth was initiated at any of the SRM domains that had formed during P1. Consequently, 76% of the cells grew branched, initiating growth at a lateral SRM domain, another 22% grew bent, initiating growth near an existing pole, and only 2% grew straight (Figures 3A, S2B, and S2C; Table S3A ). We conclude that tea1p controls de novo cell polarization by promoting polar SRM stabilization during P2 and by providing a growth initiation bias to one of the polar SRM domains during P3.
Another striking phenotype of tea1D cells was their inability to establish and maintain SRM domains at non-growing cell poles (Figures 3A and S2B; Table S3B ). This suggests that in the wild-type, tea1p is responsible for the formation and maintenance of SRM domains at secondary poles prior to growth initiation. Considering that SRM domains seem to define prospective growth sites, this provides an explanation for why tea1D cells cannot activate a second growth site. Notably, new GFP-tna1p patches appeared away from the existing growth site in tea1D cells later in P3 (Figures 3A and S2B ). However, these SRM domains were diffuse and did not show detectable growth activity. We observed a very similar SRM domain behavior in exponentially growing tea1D cells ( Figure S2D ).
In summary, our results suggest that the MT/tea1p system positions growth sites and enables switching from monopolar to bipolar growth by controlling SRM domain position, stability, and growth activation potential.
Interestingly, after fast growth initiation the average cell end growth speed of tea1D cells was higher than that of wild-type cells ( Figure S3E ). Together with the previous finding that cell ends in tea1D cells are on average larger (Foethke et al., 2009) , this hints at a rate-limiting activity in the growth machinery, which distributes between two SRM domains in the wild-type and concentrates at one in tea1D cells.
The main phenotypes displayed by tea1D cells were also observed during SE of cells in which MT length and dynamics were reduced either by mal3 or tip1 gene deletion, or by treating wild-type cells with the MT depolymerizing drug MBC (Figures  S4A-S4D ; Table S3A ; Experimental Procedures) (Beinhauer et al., 1997; Brunner and Nurse, 2000; Sawin and Snaith, 2004) . However, phenotypic penetrance was much reduced in these cells, indicating that the MT system merely optimizes tea1p activity.
tea1p Acts via tea4p but Not for3p or bud6p Similar to tea1D cells, tea4-deleted (tea4D) cells in exponential growth can grow bent or branched. Furthermore, tea4p was shown to bind tea1p directly (Martin et al., 2005) . This places the two proteins in the same polarity pathway and predicts that they cooperate in controlling SRM domain dynamics. Consistently, our analysis of tea4D cells during SE revealed similar SRM domain positioning and growth defects as in tea1D cells (Figures 3C and S2E ; Tables S2B and S3B). tea4p was proposed to link tea1p with the F-actin nucleator for3p, thus connecting the MT/tea1p polarity pathway to the actin cytoskeleton (Martin et al., 2005) . To test the requirement of this interaction for cell polarization, we analyzed for3-deleted (for3D) cells during SE (Feierbach and Chang, 2001; Martin et al., 2005) . In these cells, we observed wild-type-like SRM domain formation and polarization during P1 and P2, showing that tea1p/tea4p-mediated cell polarization does not require for3p (Figures 3D and S2F ; Table S2B ). All for3D cells entered P3, but with a delay ( Figure 3B ; Table S2B ). As with the wild-type, 50% of for3D cells subsequently entered P4 (Table S1C) . Twenty-two percent of for3D cells showed various degrees of polar SRM domain instability ( Figure 3D ; Table  S3B ). In addition, the growth speeds of individual cell ends were much reduced and highly variable ( Figure S3J ). Similar to for3D cells in SE, exponentially growing for3D cells established SRM caps at both cell poles, independent of whether they were growing in a mono-or bipolar manner ( Figure S2G ). Taken together, our data show that for3p does not act in the same polarity pathway as tea1p and tea4p, but rather has a role in SRM domain maintenance and in achieving high growth rates.
Previous studies had suggested that like its budding yeast homolog, fission yeast bud6p is involved in cell polarization. Therefore, we analyzed SE of cells carrying a bud6 deletion (bud6D) (Feierbach et al., 2004; Glynn et al., 2001; Minc et al., 2009) . Bud6D cells had no defects in SRM domain formation and polarization, and all cells entered P3 similar to the wild-type. tea1p-mediated growth polarization and initiation thus occurs independent of bud6p ( Figures 3B, 3E , 3F, and S2H; Table S2B ). The main mutant phenotype of bud6D cells was instability of SRM domains at the secondary pole during P3, coinciding with a reduction in the number of cells entering P4 (8% of cells; Tables S1C and S3B). Unlike for3D cells, bud6D cells grew with speeds similar to the wild-type ( Figure S3G ). However, growth site positioning was unstable. Twenty-two percent of the bud6D cells in P3 swapped fast and slow growing poles ( Figure 3F ). In addition, cells in P4 could switch back to monopolar growth ( Figure S2H ). Altogether, these data suggest that bud6p does not act in the tea1p polarity pathway, and bud6p and for3p play different roles in cell polarity maintenance.
tea1p and myo1p Redundantly Control Growth Confinement Cells with a deleted type I myosin gene (myo1D) have sterols distributed all over the plasma membrane ( Figure 4A ) (Takeda and Chang, 2005 ). Yet, these cells grow cylindrical with normal localization of growth and polarity markers ( Figure 4B ) (Takeda and Chang, 2005) . This seems to contradict our results that assign a key role to SRMs in defining and positioning growth sites. However, a parallel can be drawn between the SRM distribution in myo1D cells and the random SRM domain distribution in wild-type cells during P1 of SE. Since in the latter, the tea1p/ tea4p system confines growth initiation to polar SRMs, we reasoned that these proteins confine growth also in exponentially growing myo1D cells. We tested this in myo1D tea1D double mutant cells. Tetrad analysis (n = 100) revealed semi-lethality of the myo1D and the myo1D tea1D progeny, with many spores not germinating or germinating but arresting growth before cytokinesis. Four days after germination, 56% of the myo1D tea1D double mutant spores had produced slow-growing microcolonies, some not visible by eye. Such colonies contained mainly large, virtually round cells ( Figure 4C ). The larger colonies mainly contained cells of highly irregular, but mostly elongated shape, revealing a low degree of growth polarization. Growth Tables S2B, S3A , and S3B, and Movie S4.
sites were strongly enlarged and often mispositioned relative to the longest cell axis ( Figure 4D ). In all myo1D tea1D cells, SRMs were present throughout the plasma membrane, but enriched at polar growth sites. These observations suggest that myo1p and tea1p provide redundant mechanisms for confining growth, and they reveal the presence of a myo1p-and tea1p-independent growth and SRM domain confining system that becomes active once cells have established continuous growth and division cycles following sporulation. We could not follow P1 and P2 of SE in myo1D and myo1D tea1D mutants as both maintained sterols at the plasma membrane in starvation ( Figures 4E and 4F ). In addition, myo1D and myo1D tea1D cells exiting starvation had a significant delay in growth initiation ( Figure 3B ; Table S2B ). Only 20% of the myo1D tea1D cells initiated growth in the first 4 hr of SE. Nevertheless, we detected considerable differences in SRM dynamics between myo1D and myo1D tea1D cells. Preceding growth initiation, myo1D cells showed a transient increase in polar GFPtna1p signal, indicating P2 initiation ( Figures 4E and S4E ). As cells elongated, this brighter region was left behind, forming a ring at the base of the cell pole. In contrast, growth initiation in myo1D tea1D cells coincided with the rapid disappearance of all SRMs, except for the SRM domain at the growth site, which was substantially enlarged, compared to the wild-type ( Figures  4F and S4F) . Consistent with these tea1D-like SRM dynamics, myo1D tea1D cells did not enter P4. These results suggest that tea1p interferes with SRM domain removal in central cell regions of myo1D cells, similar to its action at non-growing, wild-type cell poles. Similar to tea1D cells, some diffuse GFP-tna1p patches eventually appeared away from the growth site in myo1D tea1D cells (Figures 4F and S4F ).
F-actin Controls SRM Removal in P2
To investigate the role of F-actin in cell polarization, we analyzed SE of cells treated with latrunculin B (LatB), which inhibits actin polymerization (Experimental Procedures) (Spector et al., 1989 (Spector et al., , 1983 . During P1, LatB-treated cells formed randomly distributed SRM domains, similar to untreated control cells (Figures 5A, S4G, and S4H) . This suggests that SRM domains can form independent of F-actin. Subsequently, all SRM domains continued expanding, and eventually SRMs were present in a considerable part of the cell membrane ( Figures 5A and S4H) . However, clear gaps remained in between SRM domains, showing that expansion of individual domains was limited. Over time, additional SRM domains appeared, eventually filling the gaps. These results suggest that F-actin is critical for the removal of unwanted, prospective growth sites from the cell middle during P2. Interestingly, cells initiated slow growth despite LatB interference with F-actin formation ( Figure 5B ). However, LatB-treated cells enlarged both in length and width, showing that most SRM domains displayed growth activity ( Figure 5B ). In these cells, MTs continued delivering tea1p to the cell poles, while bud6p and for3p were distributed all over the cell surface ( Figure 5C ).
Cell Polarization and Growth Initiation Are Independent of cdc42p
As in most eukaryotes, local activation of the essential Rho family GTPase cdc42p is believed to be key to cell polarization in fission yeast (Martin and Arkowitz, 2014) . This view predicts that the MT/tea1p system controls polar cdc42p activation at the onset of P2 and/or P3 during SE. To test this, we performed SE experiments with cells carrying the temperature-sensitive cdc42 alleles cdc42-L160S and cdc42-879 (Rincó n et al., 2009; Toya et al., 1999) . At the restrictive temperature, these cells polarized their SRMs and initiated growth, similar to wild-type cells (Figure 6A) . The cells even initiated P3 and P4 and eventually entered mitosis and performed cytokinesis. Thereafter, the cdc42 mutants arrested growth. Consistently, a faint signal of mCherrytagged cdc42p (cdc42p-mCherry) (Bendezú et al., 2015) became detectable only after 2-4 hr following nutrient addition while the signal was easily detectable in exponentially growing cells ( Figure 6B) . Interestingly, at the onset of SE, a very strong mCherry signal labeled intracellular structures ( Figure 6B ). This signal is unlikely to correspond to full-length cdc42p-mCherry as western blots showed only faint cdc42p-mCherry bands in starved cells and in cells during the first 2-4 hr of SE ( Figure 6C ). The signal slowly increased until a band pattern comparable to that of exponentially growing cells had evolved after 4 hr.
We further confirmed a lack of cdc42p activity in early SE by observing cells expressing CRIB-3GFP, a standard marker of cdc42p activity (Tatebe et al., 2008) . While exponentially growing cells show clear polar CRIB-3GFP localization, during SE, weak polar CRIB-3GFP localization became detectable only late in P3 ( Figure 6B ). Western blot analysis showed comparable CRIB-3GFP levels in exponentially growing cells, starved cells, and throughout SE, with the exception of a prominent CRIB-3GFP band that was barely detectable in starved cells and during the first 2 hr of SE ( Figure 6C ).
We also followed cells expressing a GFP-tagged version of the main cdc42p GEF scd1p (scd1p-3GFP) (Das et al., 2012) . Scd1p-3GFP was not detectable by fluorescence microscopy in starved cells or in cells during the first 2-4 hr of SE ( Figure 6D ). Only later in P3 or P4, weak polar scd1p-3GFP localization became visible. Consistently, on western blots, we detected only a faint signal in the first 1-2 hr of SE ( Figure 6E) .
Altogether, our data suggest that during P1 and P2 of SE there is no polar cdc42p activity, which only builds up slowly in the first cell cycle. We conclude that the MT/tea1p-mediated cell polarization pathway does not act via cdc42p.
DISCUSSION
Our results show that in de novo polarizing cells, the MT/tea1p polarity system does not act via the previously proposed biochemical links to the growth and polarity machinery (Martin and Arkowitz, 2014) . Instead, tea1p controls the position and growth activity of sterol-rich membrane domains at the plasma membrane (Figure 7) . Sterol synthesis and SRM domain formation are a prerequisite for any detectable localization of growth machinery and polarity factors, except for tea1p. Obviously, cells generate SRM domains prior to polarization and growth initiation as default platforms on which the relevant components accumulate. While the initial formation of randomly distributed SRM domains in P1 occurs independent of the cytoskeleton, SRM domain polarization in P2 critically depends on the MT/tea1p system, mediating SRM expansion at both poles, and on F-actin-mediated rapid elimination of SRM domains in the cell middle.
The key role of tea1p in controlling polar SRMs explains and connects both mutant phenotypes of tea1D cells: cell bending and branching is based on the fact that without tea1p distinct polar SRM caps do not form and any one of the randomly distributed SRM domains forming in P1 can eventually be selected to become the growth site. The lack of bipolar growth is based on the absence of a second prospective growth site during P3, defined in the wild-type by the SRM domain at the non-growing cell pole. So far, this phenotype was assigned to an instructive role of tea1p in triggering growth activation (Martin and Arkowitz, 2014). Our data suggest a permissive role where tea1p stabilizes an SRM domain, which assembles the growth machinery for future activation. What triggers the activation of the second growth site remains to be shown.
Tea4D cells in SE show very similar defects to tea1D cells, confirming their functioning in the same polarity pathway. This is not the case for the F-actin organizer for3p, which was previously proposed to act in the MT/tea1p polarity pathway based on its ability to bind tea4p (Martin et al., 2005) . Our analysis of for3D cells shows that the tea4p-for3p interaction is not required for MT/tea1p-mediated cell polarization. Consistently, the tea1p/ tea4p complex does not recruit for3p to cell poles in P1. Instead, for3p is recruited to the randomly distributed SRM domains. The main role of for3p appears to be in promoting growth during P3 and P4, as for3D cells initiate growth with a delay, grow much slower than the wild-type, and show varying growth rates. Also, SRM domains of active growth sites are generally unstable in for3D cells, suggesting a need for actin cable-mediated lipid supply. This is in line with earlier reports showing that for3p acts downstream of cdc42p (Bendezú and Martin, 2011) . Similarly, SRM domain instability is the main phenotype of cells lacking bud6p, another F-actin-organizing protein that was previously suggested to act in a tea1p-independent polarity cue (Minc et al., 2009) . However, instability is restricted to secondary cell poles and does not affect growth speeds but rather interferes with the switching to bipolar growth. Our results suggests a non-essential role for the bud6p polarity cue in stabilizing SRM domains at non-growing cell poles.
Here, we describe a tea1p polarity pathway that is fundamentally different from, and independent of, the previously proposed polarization mechanisms (Martin and Arkowitz, 2014) . It not only assigns a key role to SRM domains, but also does not depend on cdc42p. This GTPase was proposed to play a major role in cell polarization in yeasts and many other cell types (Etienne-Manneville, 2004; Martin and Arkowitz, 2014; Moseley and Nurse, 2009; Wedlich-Soldner and Li, 2008) . In fission yeast, cdc42p is required for cell polarization during spore germination, growth recovery of spheroplasts, and for ectopic growth site formation in exponentially growing cells with mispositioned tea4p (Bonazzi et al., 2014; Kelly and Nurse, 2011; Kokkoris et al., 2014) . We find no evidence for a critical involvement of cdc42p and its acti- vating GEF in MT-mediated cell polarization during P1 and P2, and our results suggest that cells only gain reasonable cdc42p activity late in P3. Such a cdc42p-independent, MT-mediated polarity pathway does not challenge the ability of cdc42p to induce spontaneous cell polarization in the absence of polarity cues. In fact, such cdc42p activation may become central in tea1D cells, which remain in P1 for extended time periods. This may be needed to gain a critical cdc42p activity level enabling growth activation at one of the randomly distributed SRM domains. As previously proposed, this domain would then focus all growth activity via local activation and long-range inhibition mechanisms, the latter triggering the elimination of all other SRM domains and prospective growth sites, respectively (Castagnetti et al., 2007; Meinhardt and Gierer, 2000) . The SRM domains reappearing away from the growing end in tea1D cells may reveal the range limits of inhibition. This scenario would also explain the nearly simultaneous onset of P2 and P3 in these cells.
Nutrient addition
The role of the actin cytoskeleton in cell polarization is intriguing. While in P1 F-actin is dispensable for SRM domain formation, in P2 it is essential for SRM domain removal from the cell middle. In cells with perturbed F-actin polymerization, all SRM domains persist and expand to various sizes. Consequently, such cells initiate nearly isotropic growth confirming that cell growth can occur in the absence of actin cables (Bendezú and Martin, 2011) and even when interfering with all F-actin structures. The mechanism of F-actin-mediated SRM domain removal remains to be shown. One of the roles of the MT/ tea1p system in P2 might be to restrict this mechanism to the cell middle by counteracting it at cell poles prior to growth activation. This would explain why in tea1D cells SRM domains at non-growing ends disappear together with the centrally located. At the same time tea1p restricts growth activation to polar SRM domains at the onset of P3. This becomes clearer in myo1D mutants that are unable to confine their SRMs to cell poles but nevertheless grow with normal polarity. Consistent with tea1p-mediated growth confinement, surviving myo1D tea1D double mutant cells are strongly misshapen, usually roundish, with randomly positioned growth sites of various dimensions. Tea1p and myo1p thus provide complimentary mechanisms of growth confinement: tea1p confines growth to polar SRMs, and myo1p delimits polar SRM domain dimensions. Notably, most tea1D myo1D cells are not completely round revealing an additional complementary polarity cue. This could be provided by polarity inheritance (Abenza et al., 2014) . Thereby, cells that by chance grow near cylindrical will pass this shape on to their daughter cells during cytokinesis, which occurs by central fission.
It remains to be shown how SRM domains can initially form independent of the cytoskeleton and how the cytoskeleton subsequently controls SRM polarization. We propose a so far unknown signal triggering the switch from a non-polarized to a polarized state of SRMs at the onset of P2. Subsequent growth initiation may then happen once the expanding polar SRM domains have reached a critical size to harbor sufficient amounts of growth machinery. The aforementioned mechanisms of local activation and long-range inhibition would then ensure that initially only a single end initiates growth. The slow growth observed at the secondary cell pole during P3 shows some leakiness of the system, which may later help to promote the switch from monopolar to bipolar growth. Interestingly, only about a third of the cells exiting starvation initiate bipolar growth, while almost all do in exponential growth. The activation of the second growth site was recently linked to the oscillation of cdc42p activity between the two cell poles (Das et al., 2012) . Differences in the level of the slowly accumulating cdc42p GEFs may thus define whether individual cells activate the second growth site during SE.
Although it is clear that sterol-rich membrane domains are central to the polarity of other cell types, their role in symmetry breaking is not known (Sampaio et al., 2011; Simons and Gerl, 2010) . Intriguingly, experiments with MDCK cells provided good evidence for early membrane domain organization events that generate membrane polarity preceding the apical-basolateral separation of the plasma membrane by tight junctions (Meder et al., 2005) . Since this is very reminiscent of P2 in fission yeast, such membrane re-organization may well be a critical first step of cell polarization in other eukaryotic cells.
EXPERIMENTAL PROCEDURES Yeast Culturing and Constructs
Cells were grown at 30 C (unless stated otherwise) in EMM2 supplemented with amino acids and thiamine as required as described in Moreno et al. (1991) . For SE experiments, cells were starved by culturing for 2 or 5 days in EMM with 0.5% glucose (Zaitsevskaya-Carter and Cooper, 1997) . Supplementing cells with fresh EMM2 containing 2% glucose triggered SE. Strains used are listed in Table S4 . The GFP-tna1-expressing strain was generated and used as described in the Supplemental Information.
Drug Treatment
All drugs were dissolved in DMSO. Starved cells were pretreated 10 min with latrunculin B (50 mM final concentration) or 30 min with ketoconazole (900 mM final concentration, pH adjusted to 6; Sigma-Aldrich) or MBC (25 mg/ml final concentration; Sigma-Aldrich). Fresh drug-containing EMM2 medium was then added to trigger SE.
Lipid Extraction/TLC Lipid extraction is described in Markgraf et al. (2014) . Approximately 15 3 10 7 cells were broken using glass beads. Lipids were separated as described in Redó n et al. (2009) and hexane. Migration heights were 50%, 80%, and 100% of maximum migrating solvent point. Lipid detection is described in Lowry (1968) .
Microscopy/Image Analysis
Filipin and calcofluor staining are described in Takeda et al. (2004) and Pringle et al. (1989) . Cells were imaged immediately to avoid artifacts caused by prolonged filipin incubation. For live imaging, 100 ml cell culture was spread on a lectin-coated glass bottom dish (Zell-Kontakt; Sigma-Aldrich) and centrifuged at low speed. Adding 2 ml of fresh EMM2 medium initiated SE. Imaging was performed on standard epifluorescence, scanning confocal, and spinning disc microscopes, using 633 and 1003, NA 1.4 oil objectives and EMCCD cameras. Time lapse imaging was performed at 30 C, starting 10 min after starvation release, acquiring Z stacks with 0.25 mm steps unless stated otherwise. Routine image processing was done using ImageJ. Deconvolution was done using Huygens software (Scientific Volume Imaging) on image stacks acquired using Nyquist criteria. 3D reconstructions were made using Imaris software (Bitplane). Our image analysis software is described in the Supplemental Information, Figures S5 and S6 , and is available at https://github.com/tmakushok/ Fission-yeast-growth-and-membrane-domains.
Western Blot Analysis
Cell extracts for western blot analysis were prepared using SUMEB buffer with protease inhibitors (Promega). Standard protocols and glass beads to break the cells were used for SDS-PAGE and western blot analysis. Antibodies used on western blots were mouse anti-GFP (Roche), rabbit anti-mCherry (Abcam), and secondary HRP-conjugated antibodies (Promega). Amido-black staining was done using reagents described in Schaffner and Weissmann (1973) . 
